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Abstract 
Establishing a water balance for a water distribution network with the majority of available tools requires manual data collection 
and processing. This is why water balances in most cases are determined for a whole network and only at long intervals. Unmetered 
components are often neglected or based on rough estimates. This paper presents an approach for automated establishing zonal 
water balances for variable balancing periods. The application of the approach is demonstrated for the case of Pforzheim, Germany. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Compilation of a detailed zonal water balance is a precondition for efficient planning and implementation of steps 
of water loss management [1]. The standardized IWA water balance [2] provides an appropriate corresponding basis. 
This balance is applied worldwide by numerous water utilities and has been adopted in the guidelines of many national 
water associations. 
According to Osmancevic [3], Rathgeber [4], and Knobloch and Klingel [5], water utilities often do not draw up 
complete water balances. Since the manual compilation of a detailed water balance is comparatively time-consuming 
and complex, many of its individual components are only generally estimated or are neglected entirely. In particular, 
the unmetered components often remain undetermined. Furthermore, it is not common practice to compile separate 
water balances for individual supply zones [4, 5]. Most available software tools supporting the compilation of a water 
 
 
* Corresponding author. Tel.: +49-721-608-44561; fax: +49-721-608-44608. 
E-mail address:philipp.klingel@kit.edu 
  e thors. ublished by lsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of WDSA 2014
429 A. Knobloch et al. /  Procedia Engineering  89 ( 2014 )  428 – 436 
balance still have in common that the user must manually collect and enter the required input data [5]. Halfawy and 
Hunaidi [6] made an important first step towards automation of the water balance compilation by automatically 
transferring input data from various IT systems of a water utility into the water balance. 
In 2012, a research and development project taking up the idea of automating water balance calculation was 
initiated by German engineering consultants of 3S Consult GmbH (3S) and COS Systemhaus GmbH (COS) together 
with the Karlsruhe Institute of Technology (KIT). The objective of the project is developing the software prototype 
AWaRe. Based on system and operating data, geographical information, and hydraulic simulations, AWaRe is to 
enable an automated identification of the water loss situation in all supply zones of a water utility. A geographic 
information system (GIS) forms the central platform for AWaRe. To automate data processing, the central IT systems 
and isolated data stores of a water utility are linked via interfaces to the GIS. Via shared interfaces, a hydraulic 
simulation model and a module for water loss analysis (WLA) can import and export data from and to the GIS. The 
water loss analysis comprises the calculation of zonal water balance components and performance indicators. In 
addition, causes of water losses are analyzed by merging the zonal water balance results with failure data, pipe data 
and information about environmental conditions (soil characteristics, traffic load, ground water etc.).  
This paper presents the developed approach to automatically determining water balance components (Section 2). 
The approach was applied for the case of the water supply network of the city of Pforzheim in Germany. The results 
of that case study are presented and discussed in Section 3. The paper ends with a conclusion (Section 4). 
2. Approach 
2.1. Topology 
To draw up water balances for separate supply areas, the relevant water distribution system (WDS) first has to be 
abstracted and to be reduced to its essential elements sources, tanks, supply zones (composed of pipes, hydrants, and 
consumers) and bulk meters which serve as links between the other elements and are defined through description of 
the meter type and relevant measuring values. Where a bulk meter is missing but required, it can be substituted by a 
virtual meter. Flows through virtual meters are calculated by using flow and water level measurements of upstream 
tanks. Additionally, pumps and valves can be included in order to determine if a connection between two elements is 
open or closed. Figure 1 shows a detail of a WDS plan and the according topology. 
 
 
Fig. 1. Detail of a water distribution system (left) and the derived topology (right). 
2.2. System input volume QSIV 
The first step in calculating the water balance of a zone is to identify the system input volume QSIV. QSIV of a zone 
is made up of bulk meter supply (QSIV.1) and bulk meter withdrawals (QSIV.2). Based on the topology of the WDS, the 
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corresponding bulk meters of each zone can be clearly identified. Bulk meters measurements are imported to the WLA 
and checked for completeness and plausibility. After plausibility check, the daily quantities of water supplied or 
abstracted to/from a particular supply zone are calculated from the metered values of all bulk meters concerned and 
added up over the balancing period. 
2.3. Billed authorized consumption QBAC 
The input data for calculation of the billed metered consumption QBAC.1 are imported from the billing system. By 
means of the GIS, all consumers and customer water meters can be allocated to a particular supply zone. Thus, the 
billed metered consumption QBAC.1 can be calculated for each supply zone in the period under review. Billed unmetered 
consumption QBAC.2 stands for unmetered water quantities that are invoiced on a lump-sum basis. The input data for 
calculation of the billed unmetered consumption of lump-sum customers also come from the billing system.  
2.4. Unbilled authorized consumption QUAC 
2.4.1. Withdrawals at waterworks and tanks QUAC.1 
A certain portion of the drinking water produced is used for cleaning in waterworks e.g., for filter flushing, 
treatment of facility parts and cleaning of storage tanks. To be able to calculate QUAC.1, the water utilities are required 
to store the information on the date, the types of cleaning procedures, and quantities of withdrawn water in a database 
read in by the WLA.  
2.4.2. Withdrawals for mains flushing QUAC.2 
Pipe sections with stagnating water must be regularly flushed to maintain the drinking water quality. As a rule, the 
quantities of water withdrawn are not measured by the utilities. However, some utilities record the beginning and end 
of flushing as well as the ID of the hydrant flushed in their work order tracking system (WOTS) for operational 
reasons. If in a zone, the system input QSIV is known at least in minute intervals, the system input hydrograph during 
the start time and end time of the flushing period can be analyzed. Analysis is by generating a reference hydrograph 
from the averages of the measured values of the same weekday within three past and following weeks and comparing 
it to the respective values obtained during flushing (Figure 2). Opening or closing of the hydrant become evident if 
the gradient of the hydrograph takes on very large positive or negative values. The withdrawn quantity QUAC.2 is 
calculated by approximation as the difference between flushing hydrograph and reference hydrograph.  
 
 
Fig.2. Approximate determination of water withdrawn during main flushing QUAC.2. 
431 A. Knobloch et al. /  Procedia Engineering  89 ( 2014 )  428 – 436 
2.4.3. Withdrawals for pipe construction and repair works QUAC.3 
Construction measures in the pipe network are either carried out by the water utility itself or contracted out to a 
construction company. Construction companies are usually provided with portable metering standpipes. The 
companies are obliged to meter abstracted quantities of water and settle the respective amounts with the utilities. In 
this case, the respective water consumption will be form part of the component QBAC.1 of the water balance. When 
work is carried out by the utilities, the quantities of water abstracted are usually not being metered. As a rule, 
information on the date, location, and type of measure is documented by the WOTS. For approximate calculation of 
the withdrawn water quantity QUAC.3, all pipe sections which underwent construction measures are automatically 
identified by GIS-functionalities. Based on the topology of the pipe network, all valves to be closed to isolate a 
particular pipe section are identified. The volume of the isolated pipe section is subsequently calculated. To be able 
to consider both, the emptying of the respective piping section and the quantity of flushing water (three to five times 
the pipe content), the quantity of water withdrawn within QUAC.3 is set at six times the calculated pipe volume.  
2.4.4. Withdrawals for firefighting QUAC.4 
In practice, the quantities of fire fighting water used during fires and fire drills are usually not recorded because 
they cannot be exactly quantified on site. Based on a literature research and an enquiry among fire fighters, Korkmazer 
[7] concludes that the quantity of water used to fight small and medium-sized fires is definitely less than 5 m3. In the 
case of major fires, large diversity, however, prevents global statements. In the literature, the quantities needed to fight 
large fires range from 5 m³ to 4,600 m³ [7].In view of such wide range, it is reasonable to determine the fire fighting 
water quantities automatically. The procedure used is largely identical to the approach described for mains flushing 
but knowledge of the system input volume QSIV in terms of hourly intervals suffices because, in the case of major fires, 
fire fighting deployments generally take more than one hour. From the fire fighting deployments documented by the 
fire fighters, details on addresses, dates of fires, and beginning of deployments have to be transferred into the database. 
The amount of QUAC.4 is determined in the same manner as described for mains flushing described above.  
2.5. Apparent water losses QAWL 
2.5.1. Annualization errors QAWL.1 
Losses inherent to annualization errors are caused by different bulk meter and customer water meter reading times 
[8]. Errors in the water balance are often caused by the fact that consumption data from the billing system are used 
without preliminary correction for calculation of the billed metered consumption QBAC.1. Besides, the customer 
consumption data may be falsified through transfers of previous year’s over- or under-consumptions. In addition, IT 
systems use forecast data for consumption billing if at the time of billing, there are no current meter readings. To be 
able to approximately quantify the extent of losses inherent to annualization errors QAWL.1, the consumption based on 
customer meter readings is calculated and compared to the invoiced water consumption QBAC.1. For correct 
identification and annualization of the water consumption based on the meter readings, the different approaches for 
the readjustment of metered consumption volume on the calendar year are used as described by Renaud et al. [8]. The 
usage of the different approaches depends on the available input data: (1) If meter readings are available after the end 
of the water balance period, the water consumption can be determined by means of a posteriori methods and (2) if 
this is not the case, the WLA uses a priori methods for approximate determination. The levels of detail of both 
approaches depend on the metering intervals within QSIV. If QSIV is known at intervals of one day or less, the water 
consumption at each customer water meter is scaled proportionally to the system input volume of the respective supply 
zone. If QSIV is measured at longer intervals, e.g. monthly, the water consumption during the balancing period is 
calculated proportionally to the respective time of consumption during the period under review. If, during the given 
balancing period, more water was billed than measured during the same time by customers’ water meters, the apparent 
water losses QAWL are reduced, whereas the proportion of the real losses QRWL increases.  
2.5.2. Bulk meter inaccuracies QAWL.2 and customer meter inaccuracies QAWL.3 
The metered values and readings obtained by bulk meters are either read at regular intervals (usually once a month) 
by the operating staff of the utility or are transferred directly to the supervisory control and data acquisition (SCADA) 
system through tele control. In the latter case, the actual metered values can be compared with the meter characteristics 
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and error curve of each metering device to approximately determine the errors due to bulk meter inaccuracies QAWL.2. 
As part of that procedure, all data measured by the bulk meter are read in to the WMA and compared with the metering 
range of the device. The sum of the products of each single metered value and the corresponding percentage error 
from the error curve results in the positive or negative error of the bulk meter in the period under review. Ideally, the 
actual error curve is determined by means of measurements. For a first approximation of QAWL.2, one can resort to the 
error curve of a new metering device. Utility water meters with only hourly metered data or monthly manual readings 
are not considered in the analysis of meter errors. The same method applies for customer water meters with automatic 
meter reading. For customer water meters which are only read out once a year, the approach described above cannot 
be used for determining customer water meter inaccuracies (QAWL.3). These inaccuracies must be estimated by the 
utility based on experience and guiding values.  
2.5.3. Dripping losses QAWL.4 and unauthorized consumption QAWL.5 
Dripping losses are generated by low-flow plumbing leaks passing through customer water meters without being 
registered. Since the condition of domestic installations has a decisive influence on such dripping losses, the extent of 
QAWL.4 cannot be approximated based on information on the installed water meters. Similarly, the extents of water 
theft and unauthorized water consumption QAWL.5 can neither be simulated nor be determined approximately. Thus, 
the staff of the water utility is required to assume empirical or standard values for QAWL.4 and QAWL.5.  
2.6. Real water losses QRWL 
2.6.1. Overflow of storage tanks QRWL.1 
Overflows of tanks during the period under review can be assessed in two different ways: (1) overflows and the 
(estimated) water losses QRWL.1 can be documented by the staff of the utility in a database which is linked to the GIS 
or (2) one can analyze the SCADA system’s alarm messages triggered by the tank level indicators in the case of 
overflows. In the latter case, the overflow losses QRWL.1 are calculated based on the deviation between the tank inlet 
meter and outlet meter measurements during the overflow period. 
2.6.2. Leakage of storage tanks QRWL.2 
Leakage of storage tanks can only be assessed by volumetric tests performed by the utilities. For each tank chamber, 
lowering of the water level with closed inlet and outlet valves must be measured over a period of at least 24 hours. 
The leakage rates determined for each chamber are stored in a database to enable extrapolation of QRWL.2 to the overall 
balancing period.  
2.6.3. Leakage on mains QRWL.3 and on service connections QRWL.4 due to known failures  
The extent of hidden leakage can be quantified if one can assess the amount of water losses that have been occurring 
in a zone due to known failures and if any other metered and unmetered water consumption has been determined in 
detail. Water losses due to known failures can be assessed if the failure and the time it was reported and repaired are 
documented by the water utility in the WOTS or in the failure database. Allocating each failure to the corresponding 
pipe section within the GIS enables assigning each particular failure to the respective supply zone and determining 
whether the pipe concerned is a main or a service connection. If the quantity of water supplied to a certain zone has 
been metered at least hourly, the zone’s minimum night flow (MNF) hydrograph can be determined by identifying the 
minimum system input between 01:00 a.m. and 05:00 a.m. for each day within the balancing period. The respective 
hydrograph is smoothed by tracing outliers above the usual values that are caused by increased night consumption. 
The resulting stepped hydrograph is reconciled with the failure repair date (Figure 3). A correlation is assumed to exist 
if a failure repair coincides with a sudden decrease of MNF. In that case, the deviation between system input before 
and after failure repair is recorded and the date when the level reached after repair has occurred last is determined. 
Based on the level difference, the leak run time and the leak flow rate is determined approximately and QRWL.3 is 
calculated. Not each time a failure is repaired, a decrease in MNF is recorded. This may have two causes: (1) The leak 
flow rate was so small that it cannot be tracked down from the available measurement values or (2) the leak flow rate 
was very large, so that the leak came to the surface and was detected and repaired very rapidly. In the first case, leak 
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run time and leak flow rate cannot be determined. In the latter case, in a second step the system input hydrograph 
during the period between failure report and repair is analyzed and compared to a reference hydrograph (as described 
in section 2.4.2) in order to determine QRWL.3. The amount of losses due to known failures to service connections 
QRWL.4 are assessed in the same manner. 
 
 
Fig. 3. Analysis of minimum night flow and repair works in zone 8 of the case study in 2011 and 2012. 
2.6.4. Leakage due to unknown damage QRWL.5 
If the system input QSIV, the authorized consumption QAC, the apparent water losses QAWL, and the components 
QRWL.1 to QRWL.4 are known, the extent of water losses due to unknown pipe failures and background losses QRWL.5 can 
be determined. Comparing QRWL.3, QRWL.4, and QRWL.5, the water utility can infer which proportion of the real water 
losses QRWL is caused by failures that have been repaired already in the balancing period. 
3. Application and results 
3.1. Case study 
For pilot-type implementation and testing of the approach, part of the WDS of the Stadtwerke Pforzheim (SWP) 
was chosen. SWP provides drinking water to approximately 120,000 inhabitants. The SCADA system, consumption 
billing software, and WOTS, the latter of which also documents the pipe failures, were linked to the existing GIS of 
the SWP. Moreover, databases with manual bulk meter readings as well as the documentation of the Pforzheim 
firefighting deployments were connected. Test runs were performed in four pilot areas which cover in total 18 of 30 
supply zones in Pforzheim. Table 1 shows some characteristics of the pilot areas. 
Table 1. Characteristics of the pilot areas 
 Pilot area 1 Pilot area 2 Pilot area 3 Pilot area 4 
Number of zones 5 6 4 3 
Number of customers 1,881 5,794 4,023 1,193 
Length of mains (km) 34.57 181.78 84.97 25.96 
Length of service connections (km) 23.79 81.27 47.55 13.64 
Number of storage tanks 4 5 2 2 
Number of bulk meters 7 15 12 8 
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3.2. Overall water balance results 
The automated calculation of the water balance for the year 2012 revealed considerable differences between the 
supply zones as regards the extent and composition of the water losses. The average water loss QWL of the four pilot 
areas is 14.7%. On the other hand, QWL of the individual zones was found to be in the range of 4.5 to36.0% of QSIV. 
The following section shows results for selected components of the water balance. 
3.3. Results for selected water balance components 
3.3.1. Withdrawals for mains flushing QUAC.2 
The evaluation of information provided by the WOTS revealed that in the four pilot areas, 2,003 hydrants were 
flushed in 2012. Depending on the quality of available measurement data, between 14.3 and 76.9% of flushing could 
be identified by the WLA. The mean value was approximately at 2.6 m³ of water withdrawn per flushing. For the 
flushing that could not been detected, a standard value was assumed. Main problems for the automated quantification 
of flushing withdrawals are the high variation of flows in large zones and the lack of synchronization of times between 
WOTS and SCADA system. 
3.3.2. Withdrawals for firefighting QUAC.4 
In test runs of the software, all of three major fires which had occurred in the case study could be identified. Water 
withdrawals for firefighting ranged between 17 and 155 m³.  
3.3.3. Annualization errors QAWL.1 
Annualization errors QAWL.1 were below E1.0% in three of the analyzed zones. In the other zones, QAWL.1 ranged 
between -6.9 and +3.9% of billed authorized consumption QBAC. 
3.3.4. Bulk meter inaccuracies QAWL.2 
Complete meter characteristics where available for 14 bulk meters in the case study. The analysis of bulk meter 
data from the SCADA system revealed that 11 of those bulk meters worked mainly in the optimum measuring range, 
while three bulk meters are possibly oversized. Determined bulk meter inaccuracies QAWL.2 ranged between  
-0.1 and 1.4% of the registered flow volume. 
3.3.5. Leakage of storage tanks QRWL.2 
The automated analysis of level alarms given by the SCADA system revealed the occurrence of 19 overflow events 
at six of the storage tanks in the pilot areas. The duration ranged between few minutes to more than 17 hours and 
resulted in volumes of QRWL.1 between 0.2 and 58.3 m³. 
3.3.6. Leakage on mains QRWL.3 and on service connections QRWL.4 due to known failures 
The development of the minimum night flow was determined automatically from the input hydrograph of each 
zone. The resulting MNF hydrograph was linked to the dates of repair measures from the WOTS. From a total of 28 
repaired failures at service connections and of 72 failures at mains, the WLA was able to identify 11 respectively 27 
failures and to determine their assumed run times and leak rates. On average, run time was 73 days while the average 
leak rate was in the range of 1.6 m³/h at service connections and 2.6 m³/h at mains.  
3.3.7. Leakage due to unknown damage QRWL.5 
After subtracting the water losses due to known failures QRWL.3 and QRWL.4, the water losses due to unknown failures 
QRWL.5 were determined. Zonal analyses show significant differences in the ratio between detected and undetected 
leakage. Figure 3 shows exemplarily the MNF hydrograph and the average daily consumption of one zone for the year 
2011 and 2012. From Figure 3, it is evident that six failures could be identified automatically due to the correlation 
between a failure repair date and a sudden decrease in MNF. 
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4. Conclusion 
This article presents a novel approach for the automated calculation of the water balance components implemented 
in a GIS-based tool. Based on data provided by the GIS module, zonal water balances are determined. Certain 
unmeasured water balance components like e.g. for flushing of mains, fire fighting, tank overflows and real losses due 
to known pipe failures are approximated. 
There are certain preconditions to be fulfilled in order to employ the approach and tool respectively and to achieve 
useful results. A GIS has to be set up with information about the pipe network, allocation of customers, bulk meters 
and tanks and the alignment of zone boundaries. Bulk meters and customers have to be linked to databases with 
corresponding measurement data or billing data. This will allow basic water balance calculations (QSIV and QAC) for 
particular zones. For detailed analyses including water withdrawals for mains flushing, fire fighting, tank cleaning 
etc., further databases have to be linked to the GIS. Analysis of water loss from known pipe failures requires additional 
input data from the failure database or the WOTS. Initial filling of the input database and establishing the interfaces 
and queries from the GIS to various IT systems requires a considerable effort. Once the interfaces are established, all 
required input data are collected automatically. 
Tests of the approach in four pilot areas shave yielded preliminary results which could be of general interest for 
future research in the field of water loss analysis. It was found, for example, that in all zones investigated, the unbilled 
authorized consumption QUAC is in the range of only 0.1 to 1.1% of the system input volume QSIV. Of these quantities, 
the water withdrawn for regular flushing of mains and hydrants represents the most significant portion. Water 
withdrawn during pipe construction and repair works as well as for fire fighting, on the other hand, seem to be a 
negligible term. The analysis of the individual components of the real water losses shows that it is possible to 
approximately determine the water losses caused by tank overflows by means of data from the SCADA system. In the 
investigated pilot areas these losses, however, are very small i.e., amount to less than 0.5% of the real water losses 
QRWL. The test runs also showed that the described method for combined analysis of failure data and MNF allows 
approximately determining leak flow rates and running times of known pipe failures. In relatively small zones of the 
pilot areas (QSIV below 200.000 m³/a), even failures with leak flow rates of only 0.5 m³/h could be identified. Based 
on the described method, the utility’s response time and the extent of unreported leaks and undetectable background 
leakage can be evaluated.  
These preliminary results have to be verified through additional analyses. The results shall help to understand which 
water balance components are negligible under certain boundary conditions. Moreover, the automated analysis of 
failure data and MNF can provide new technical findings on leak run times and flow rates. 
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